I Introduction
The occurrence of dynamic stall is a limiting factor for the flight envelope of a conventional helicopter, owing to the extreme aerodynamic loads and moments that occur during the event, see for example [1] .
This principally affects the rotor blade on the retreating part of the rotor azimuth, and when outboard compressibility effects on the advancing side of the rotor azimuth are considered also, aerodynamic design of airfoil sections and blades for rotorcraft applications is very challenging indeed (for example [2] , [3] ). Flow control concepts for rotorcraft have been proposed and investigated for many years now, and these include leading edge slats, higher harmonic control, phased flap actuation, and blowing (for example [4] , [5] , [6] , [7] , [8] , [9] ). Of interest in the present note is how blowing using air jets may be used to control dynamic stall. [8] report findings of pulsed (zero net mass flux) and continuous blowing for dynamic stall control on a NACA 0015, with the pulsed excitation seen to be particularly effective.
It is noteworthy that the results indicated much lower jet blowing momentum coefficient for a pulsed jet. Pulsed blowing experiments were described by [10] at the higher test Mach number of 0.3, and the issue of higher power requirements for pulsed blowing was raised as an important issue. The jet exit orifice shapes in this paper did not appear to be optimised in any way, but the approach was used for investigation of control of shock induced stall at higher Mach number in addition to dynamic stall.
Low Reynolds number dynamic stall control for large amplitude oscillations by continuous blowing was demonstrated in a water tunnel by [11] , and very large blowing coefficients were used but positive cycle damping was achieved. One of their conclusions that appeared to be at odds with other studies was that pulsed blowing did not appear to deliver the performance improvements that had been successfully demonstrated elsewhere, although relatively few pulsed test cases were considered. In addition to rotorcraft aerodynamics applications, dynamic stall is important for wind turbine performance, and [12] describe dynamic stall control on tests of a NACA0018 at Reynolds number up to 0.5 million.
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Adaptive blowing was used where the intention of the control of blade lift is important to relieve blade root bending moment.
There are various methods of injecting momentum into a flow by blowing. Air-jet vortex generators involve blowing a directed jet through a narrow orifice skewed at an angle to the oncoming flow and set to a pitch angle relative to the local surface, [13] and [14] . AJVGs generate a vortex to promote mixing analogous to vortex generator vanes fixed to a wing surface, but they have the advantage that they can be deactivated unlike fixed vanes. AJVGs have been shown to achieve the same delay in static stall angle at a lower momentum coefficient for a more conventionally arranged steady jet. In the context of this current paper [9] reported results of dynamic stall tests conducted on an airfoil fitted with AJVGs. Tests were performed on a RAE9645 section using continuous blowing through spanwise arrays of AJVGs, the principal finding being that the jet array closer to the leading edge at x/c = 0.12 was more effective than one at the more downstream x/c = 0.6 chord location. This study used large amplitude (10 o ) airfoil pitching oscillations. A higher blowing coefficient weakened the dynamic stall vortex, and the dynamic stall appeared to be suppressed at sufficiently high C µ . Given the promise showed by pulsed blowing in other studies and the potential advantages offered by AJVGs, the work of [9] was followed by an additional set of tests using AJVGs designed for pulsed blowing. This paper presents an analysis of the results of these tests, and pitching moment excursion and cycle damping coefficient are considered. It is shown that, while steady blowing AJVGs are effective in delaying dynamic stall to higher mean angle of attack during an oscillatory test, pulsed AJVGs delay dynamic stall even further and achieve the effect at lower jet blowing momentum coefficient.
II Experimental details
Tests were conducted in the University of Glasgow "Handley-Page" wind tunnel. This is a low-speed, closed-return tunnel with a 1.52m high × 2.13m wide working section. The operating speed for the tests described in this paper was U ∞ = 30ms −1 , and the turbulence level in the test area is 1%. The dynamic stall system and AJVG layout are as used by [9] . The baseline airfoil shape for the tests described in this paper was RAE 9645, which is a 12% thick section representative of modern helicopter main rotor blade sections, and the chord length was c = 0.5m. Elliptical shaped end plates were placed inboard of the ends of the model to provide quasi-2D test conditions over an effective test span of 1.1m. The array of 20 AJVGs was along the 12% chord position, thus the length scale for the non-dimensional excitation frequency is x T E = 0.44m. The spanwise spacing of the AJVGs was 45mm, and each AJVG orifice had an exit area of 18mm 2 with the jet pitched at an angle 30 o to the local tangent to the airfoil surface and skewed by 60 o relative to the free-stream direction to match those used by [15] . The internal AJVG actuator air ducting system consisted of the plenum pipe which fed all of the 20 jets and was pressure regulated. Each AJVG was fitted with a Synerjet brand pulsed air injector. The air jet, injector and plenum assembly was isolated from the model structure as much as possible with vibration dampening material in an effort to reduce the vibrational noise emitted from the injectors affecting the pressure sensors. Measurements of AJVG exit pressure were taken during calibration tests of a single, isolated device, and these determined that in the case of pulsed jets the pulsed jet momentum coefficient C µD was simply factored by the pulsed waveform duty cycle D. Jet momentum coefficient C µ was determined by monitoring the plenum pressure and a calibration using an air flow meter with the jet running in steady mode. Plenum pressure was then measured during the experiments. Steady jet momentum coefficient setting was repeatable to ±0.0001.
A chordwise array of 39 surface mounted Kulite pressure transducers was fitted around the midspan of the model. These had a ± 2.5 psi (17kPa) range with non-linearity of 0.2%, and were capable of responding at a rate of up to 5kHz. Details of the data acquisition system are given by [9] , but data were sampled 10kHz per channel simultaneously. Base upon data acquisition system performance and transducer characteristics the accuracy of pressure measurement at the test dynamic pressure was ±5Pa equivalent to a pressure coefficient C p of ± 0.01. .
Test Reynolds number for the air jet tests is Re=1 million. Data reported in this paper are with the model executing a sinusoidal pitching waveform α =ᾱ +α sin ωt at reduced frequency k = 0.103 with pitch half-amplitudeα = 8 o . 
III Results and discussion

A Data analysis
Normal force overshoot and pitching moment excursion during dynamic stall are important parameters to consider, and damping coefficient a summarises usefully the adverse effect of dynamic stall over a pitching cycle. This is given by [16] and [11] as
where C w is the work coefficient given by
Analysis by [17] compute the time-resolved damping Ξ(t) for a model waveform that is a pure sinusoid. For model motion of the form α =ᾱ +α sin(ωt) Ξ(t) is then
whereC m is the Hilbert Transform of the moment coefficient C m . The average value of Ξ(t) is the cycle damping a for the same data. It is well-known that a clockwise portion of a C m ∼ α loop is negatively damped, but using the time resolved damping Ξ(t) permits a more detailed analysis of the damping as a function of time. Calculation of all damping coefficients and associated parameters is done with the angle expressed in radians.
B Effect of jet actuation on cycle damping, pitching moment excursion and dynamic stall in oscillatory test higher for the steady jet case, so it is immediately clear that the pulsed blowing in this case is more effective at delaying the onset of negative damping to higher mean angle. The additional benefit of the blowing is that the pitching moment excursion is relieved, so even if the damping is negative the pitching moment load is reduced in magnitude compared to the baseline case. Figure 2 shows the effect of momentum coefficient for steady and pulsed blowing for the deep dynamic stall case with mean angle of attack of 16 o . Damping coefficient becomes more negative as momentum coefficient increases for steady blowing. For pulsed blowing an increase in C µ results in less negative cycle damping, pitching moment excursion is less extreme, and there is eventually a return to positive damping at the highest
AJVG blowing clearly affects the dynamic stall of the airfoil, and a more detailed examination is useful. Cases for mean angleᾱ = 16 o will be discussed, with a pulsed blowing case that gives positive damping, and with negatively damped behaviour for the unactuated and steady blowing cases; see figure 6 for the baseline, steady and pulsed blowing cases. The unactuated case has strong negative damping over much of the first half of the oscillation cycle, and this correlates with the phasing of the dynamic stall vortex convection and the secondary shedding. Damping becomes positive during the upstroke. Steady blowing does very little to relieve the magnitude of the initial negative damping during the upstroke, although its phase is delayed, but the damping very quickly becomes positive after the dynamic stall vortex has crossed the trailing edge, and there is no evidence of the 7 effect of any secondary vortex. The pulsed blown case shows no significant negative damping.
IV Conclusions
Wind tunnel tests to assess the effectiveness of steady and pulsed air jet vortex generators to mitigate against the adverse effects of dynamic stall have been conducted. Pulsed AJVGs can produce a more significant improvement compared to steady blowing at a much lower jet momentum coefficient. Steady blowing is less effective at delaying the onset of dynamic stall, such that in an oscillatory airfoil motion test that shows a deep dynamic stall with negative cycle damping, the pulsed blown jet may show no dynamic stall at all during the pitching cycle. 
